A dynamical coupled-channels (DCC) model for neutrino-nucleon reactions in the resonance region is developed. Starting from the DCC model that we have previously developed through an analysis of πN, γN → πN, ηN, KΛ, KΣ reaction data for W ≤ 2.1 GeV, we extend the model of the vector current to Q 2 ≤ 3.0 (GeV/c) 2 by analyzing electron-induced reaction data for both proton and neutron targets. We derive axial-current matrix elements that are related to the πN interactions of the DCC model through the Partially Conserved Axial Current (PCAC) relation. Consequently, the interference pattern between resonant and non-resonant amplitudes is uniquely determined. We calculate cross sections for neutrino-induced meson productions, and compare them with available data. Our result for the single-pion production reasonably agrees with the data. We also make a comparison with the double-pion production data. Our model is the first DCC model that can give the double-pion production cross sections in the resonance region. We also make comparison of our result with other existing models to reveal an importance of testing the models in the light of PCAC and electron reaction data. The DCC model developed here will be a useful input for constructing a neutrino-nucleus reaction model and a neutrino event generator for analyses of neutrino experiments.
I. INTRODUCTION An experimental observation of the leptonic CP violation and a determination of the neutrino mass hierarchy will be central issues in forthcoming next-generation neutrino oscillation experiments. Recent findings of relatively large θ 13 [1] [2] [3] [4] have boosted the momentum of the neutrino physics community towards addressing these issues. For a success of the next-generation experiments, a more precise interpretation of data will be necessary. This means that more precise knowledge of neutrino-nucleus reactions is critically important because neutrinos are detected in the experiments through observing remnants of the neutrino-nucleus reactions.
Neutrino experiments utilize neutrinos in a wide energy range, and therefore the relevant neutrino-nucleus reactions have various microscopic reaction mechanisms depending on the kinematics. For a relatively low-energy neutrino (E ν < ∼ 1 GeV) relevant to, e.g., the T2K [5] , MiniBooNE [6] , and nuPRISM [7] experiments, the dominant reaction mechanisms are the quasi-elastic (QE) knockout of a nucleon, and quasi-free excitation of the ∆(1232) resonance followed by a decay into a πN final state. For a higher-energy neutrino (2 < ∼ E ν < ∼ 4 GeV) relevant to, e.g., the Minerνa [8] and future DUNE [9] experiments, a large portion of data are from higher resonance excitations and deep inelastic scattering (DIS). In order to understand the neutrino-nucleus reactions of these different characteristics, obviously, it is important to combine different expertise. For example, nuclear theorists and neutrino experimentalists recently organized a collaboration at the J-PARC branch of the KEK theory center [10, 11] to tackle this challenging problem.
In this work, we focus on studying the neutrino reactions in the resonance region where the total hadronic energy W extends, m N + m π < W < ∼ 2 GeV; m N (m π ) is the nucleon (pion) mass. Furthermore, as a step toward developing a neutrino-nucleus reaction model, we will be concerned with the neutrino reaction on a single nucleon. In the resonance region, particularly between the ∆(1232) and DIS regions, we are still in the stage of developing a single nucleon model that is a basic ingredient to construct a neutrino-nucleus reaction model.
First we discuss experimental data that are crucial to determine form factors associated with axial N -N * (N * : nucleon resonance) transitions. Because of small cross sections, neutrino data are rather scarce. Available data are from old bubble chamber experiments at the Argonne National Laboratory (ANL) [12] and the Brookhaven National Laboratory (BNL) [13] ; hydrogen and deuterium targets were used in the experiments. The single pion production data for E ν < ∼ 2 GeV are particularly useful, and theoretical models are confronted with the data to fix (or test) the strength of the predominant axial N -∆(1232) transition. However, there has been the well-known discrepancy between the two datasets from ANL and BNL by ∼10%. This discrepancy is reflected in the uncertainty of the axial N ∆ coupling, leading to theoretical uncertainty for neutrino-nucleus reaction cross sections. Regarding this, an interesting progress has been reported recently in Ref. [14] . In the reference, the authors tried to avoid the neutrino flux uncertainty of the old bubble chamber experiments. They took advantage of the fact that the ratio σ(1π)/σ(0π) is fairly unaffected by the neutrino flux uncertainty, and that σ(0π) on the deuterium is relatively well understood. Here, we denoted the cross section for the single-π production [no π-emission process, mainly QE] by σ(1π) [σ(0π)]. Multiplying σ(1π)/σ(0π) from the two experiments by σ(0π) from the GENIE 2.8 [15] , they obtained σ(1π) for the two experiments. They found that the newly obtained σ(1π) are both fairly close to the original ANL data. Once this result is established, theoretical uncertainty associated with the strength of the axial N ∆ coupling will be significantly reduced.
Another interesting analysis relevant to ANL and BNL data has been conducted by one of the present authors and his coworkers in Ref. [16] . They examined effects of the final state interactions (FSI) on cross sections for the single pion production off the deuteron. They found that the orthogonality between the deuteron and final pn scattering wave functions significantly reduces the cross sections. Thus the ANL and BNL data from deuterium target would need more careful analysis with the FSI taken into account. While this kind of reanalysis is important, still the available data are rather scarce. It is highly desirable to have new data that are more precise and abundant. There is an idea [17] to upgrade the near detector of the T2K experiment to use D 2 O as a target and study this important elementary process.
Regarding theoretical models, several models have been developed for neutrino-nucleon reactions in the resonance region; particularly the ∆(1232) region has been extensively studied because of its importance. Those models can be categorized into three classes according to their dynamical contents. The first class gives amplitudes as a sum of Breit-Wigner functions that represent resonant contributions. An example of this type developed recently is found in Ref. [18] , and they considered ∆(1232) 3/2 + , N (1535) 1/2 − , N (1440) 1/2 + and N (1520) 3/2 − resonances. The second class of models considers tree-level non-resonant mechanisms in addition to resonant ones of the Breit-Wigner type. For example, the authors of Refs. [19] [20] [21] [22] derived tree-level non-resonant mechanisms from a chiral Lagrangian, and combined them with ∆(1232) of the Breit-Wigner type. The model of Ref. [20] has been further extended by including the N (1520) 3/2 − resonance [23] . Meanwhile, the authors of Ref. [24] developed a model that contains all 4-star resonances with masses below 1.8 GeV, and included rather phenomenological non-resonant contributions. A model of the third class additionally takes account of the hadronic rescattering, so that the unitarity of the amplitude Our goal here is to develop a neutrino-nucleon reaction model in the resonance region by overcoming the problems discussed above. In order to do so, the best available option would be to work with a coupled-channels model. In the last few years, we have developed a dynamical coupled-channels (DCC) model to analyze πN, γN → πN, ηN, KΛ, KΣ reaction data for a study of the baryon spectroscopy [32] . In there, we have shown that the model is successful in giving a reasonable fit to a large amount (∼ 23,000 data points) of the data. The model also has been shown to give a reasonable prediction for the pion-induced double pion productions [33] . Thus the DCC model seems a promising starting point for developing a neutrino-reaction model in the resonance region. At Q 2 = 0, we already have made an extension of the DCC model to the neutrino sector by invoking the PCAC (Partially Conserved Axial Current) hypothesis [34] . At this particular kinematics, the cross section is given by the divergence of the axial-current amplitude that is related to the πN amplitude through the PCAC relation. However, for describing the neutrino reactions in the whole kinematical region (Q 2 = 0), a dynamical model for the vector-and axial-currents is needed. Here are what we need to do in practice for extending the DCC model to cover the neutrino reactions. Regarding the vector current, we already have fixed the amplitude for the proton target at Q 2 =0 in our previous analysis [32] . The remaining task is to determine the Q 2 -dependence of the vector couplings, i.e., form factors. This can be done by analyzing data for the single pion electroproduction and inclusive electron scattering. A similar analysis also needs to be done with the neutron target model. By combining the vector current amplitudes for the proton and neutron targets, we can do the isospin separation of the vector current. This is a necessary step before calculating neutrino processes. As for the axial-current matrix elements at Q 2 =0, we derive them so that the consistency, required by the PCAC relation, with the DCC πN interaction model is maintained. As a result of this derivation, the interference pattern between the resonant and non-resonant amplitudes are uniquely fixed within our model; this is an advantage of our approach. For the Q 2 -dependence of the axial-current matrix elements, we still inevitably need to employ a simple ansatz due to the lack of experimental information. This is a limitation shared by all the existing neutrino-reaction models in the resonance region.
With the vector-and axial-current models as described above, we calculate the neutrino-induced meson productions in the resonance region. We compare our numerical results with available data for single-pion, double-pion, and Kaon productions. Particularly, comparison with the double-pion production data is made for the first time with the relevant resonance contributions and coupled-channels effects taken into account; the previous double-pion production models did not include resonant contributions [28, 29] , or include a N (1440) 1/2 + resonance contribution only [30] . Also, a comparison with other models would be interesting. Thus we will compare structure functions from the DCC model with those from the models of Refs. [18, 35, 36] .
The organization of this paper is as follows: In Sec. II, we present cross section formulae for the neutrino-induced meson productions. Then in Sec. III, we start with an overview of the DCC model, and discuss the hadronic vector-and axial-current amplitudes of the DCC model. We present our analysis of electron-induced reaction data in Sec. IV. Then we present numerical results for the neutrino reactions in Sec. V, followed by a conclusion in Sec. VI. Mathematical expressions for matrix elements of the non-resonant axial-current, resonant axial-current, and resonant vector-current are collected in Appendices A, B, and C, respectively. We also tabulate parameters associated with the vector N -N * form factors in Appendix D.
II. CROSS SECTION FORMULAE
The weak interaction Lagrangian for charged-current (CC) processes is given by
where G F = 1.16637 × 10 −5 (GeV) −2 and V ud = 0.974 [37] . The leptonic current is denoted by l CC µ , and is explicitly written as
The hadronic current is
where V + µ and A + µ are the vector and axial currents. The superscript + denotes the isospin raising operator. For neutral-current (NC) processes, the Lagrangian is given by
with the hadronic and the leptonic currents given by,
where V s µ is the isoscalar current, and sin 2 θ W = 0.23 [37] . We are concerned with a meson production reaction in neutrino-nucleon scattering
where the variables in the parentheses are four-momenta of the corresponding particles. A charged lepton (neutrino) is denoted by l for CC (NC) reaction. A hadronic final state (f ) in our reaction model is one of two-body meson-baryon states (πN, ηN, KΛ, KΣ) or three-body ππN states. The double differential cross section with respect to the final lepton distribution in the laboratory frame is given with a lepton tensor, L µν , and a hadron tensor, W Y,N →f µν , as
where Y=CCν, CCν, NC for the neutrino CC, antineutrino CC, and NC reactions; C Y = V 2 ud for Y=CCν, CCν and C Y = 1 for Y=NC. We have also used E a as a notation for the on-shell energy of a particle a. The energy is related to the particle mass (m a ) by E a (p a ) = m 2 a + p 2 a . The leptonic tensor is
where ǫ 0123 = +1 and +(−) in the last term is for neutrino (anti-neutrino) reactions. The hadron tensor is given by
Here s z f ,p f denotes the summation (integral) over the spin (momenta) states of the final hadrons. We used the momentum transfer q µ defined by q = (ω, q) = p ν − p l . The state vector |N = |N (p N , s 
in terms of the matrix element of the hadronic current in the center-of-mass frame of the hadronic system (hCM). This expression is useful for working with reaction models in which the matrix elements are most easily calculated in the hCM. Also, the out-of-plane angle of the meson (φ M ; see Fig. 1 ) explicitly appears in the cross section formula. We choose a coordinate system such that the xz-plane coincides with the lepton scattering plane, and the z-axis is along the momentum transfer q. Regarding the coordinate system in the hCM, the meson is scattered in the x C z C -plane and the direction of the z C -axis is chosen along q. The angle between the lepton and hadron reaction planes is denoted by φ M , and is shown along with our coordinate system in Fig. 1 . The hadron tensor for a two-body meson-baryon final state is given as
Here the matrix element of the hadron current is evaluated in hCM. The initial nucleon state in hCM is |N = |N (p * N = −q * . The quantity W = (q + p N ) 2 is the invariant mass of the hadronic system. We have also introduced the Lorentz transformation matrix, Λ µ ν , that transforms a vector in hCM to that in the laboratory frame. Nonzero elements of Λ µ ν are explicitly given as
For a two-pion production,
, a formal expression of the hadron tensor is given as
2 s z N ,s z N ′ dp 1 dp 2 dp
The Fock space of the model consists of meson-baryon states (πN, ηN, KΛ, KΣ and ππN states) and 'bare' excited states (N * , ∆, ρ, σ). Here the bare N * state represents a quark core component of the nucleon resonance; it is dressed by the meson cloud to form the resonance. We also include π∆, ρN and σN states as doorway states of the ππN state. The symbol H 0 is the free Hamiltonian of the particles, and v is non-resonant interactions among the two-body meson-baryon states and ππ states. The non-resonant interactions are based on the s, t, u-channel hadron-exchange mechanisms. Γ represents transitions between bare excited states and two-body states such as ∆ ↔ πN . The scattering amplitude (T -matrix element) is obtained by solving the Lippmann-Schwinger equation as explained in detail in Ref. [38] ; the Lippmann-Schwinger equation can be represented diagrammatically as shown in Fig. 2 . The two-body scattering T -matrix for 7 channels α → β (α, β = πN, ηN, KΛ, KΣ, π∆, ρN, σN ) is given by the sum of non-resonant and resonant T -matrix as
where the superscript +(−) indicates the outgoing (incoming) boundary condition. Each term of the above equation corresponds to the diagram in Fig. 2 in the same ordering. The non-resonant T -matrix is obtained by solving the Lippmann-Schwinger equation,
where G
MB (W ) is Green function of a meson-baryon state; this is the free Green function for the stable channels such as M B = πN, ηN, KΛ, KΣ, while for the unstable M B = π∆, ρN, σN channels the Green function contains the self-energy to account for the decay into the ππN channel. The effective two-body interaction is the sum of the interaction v and the contribution of particle exchange 'Z-diagram' that contains the ππN intermediate state as Introducing a wave operator Ω (+/−) and a scattering state χ (+/−) for outgoing/incoming boundary condition as
the resonant T -matrix is given by
where the summation is taken over all the considered bare N * and ∆ states labelled by the indices, m and n. The N * propagator is denoted by [D(W )] m,n , and it can have nonzero off-diagonal elements through the rescattering as
for N * m and N * n belonging to the same partial wave. In the above equation, m 0 m is the bare mass for N * m . All the parameters appearing in the strong interaction Hamiltonian have already been determined in our previous analysis [32] .
Electroweak meson production reactions on a nucleon (γ + N → X, e + N → e ′ + X and ν + N → l + X) within the DCC reaction model are described in terms of the matrix element of the hadron current J µ which is, for example, the current in Eq. (3) for the CC neutrino reaction. In the DCC model, the hadron current consists of non-resonant meson-production current and bare resonant current as
where we have suppressed the label "Y"(=CC, NC) for simplicity, and we will do the same to the symbols J µ and j µ in the rest of this section. The currents, j µ non−res and j µ res , are the electroweak counterparts of v and Γ in the strong interaction Hamiltonian. Meson-baryon states produced by the current experience multiple rescattering to form final states. These scattering processes are described by T matrix elements [Eq. (21) ] that satisfy the unitarity condition. Thus the matrix element of the hadron current between nucleon and meson-baryon scattering state α (−) | is given as
where the first term on the r.h.s. is purely from non-resonant dynamics while the second term is due to excitations of nucleon resonances. This matrix element is the input to calculate the hadron tensor in Eq. (9). A more definite expression of the matrix element will be given in the next subsection. We note that not only the on-shell matrix elements but also their off-energy-shell behavior are obtained in the DCC model.
Finally, a matrix element of the hadron current that contributes to the ππN final state is given within the DCC model used in this work as follows:
where M B (−) | contains the hadronic rescattering as has been defined in Eqs. (24), (25) and (29), while πN | and ππ| are non-interacting states.
Through our previous analysis of the pion-and photon-induced meson production reactions, we have already constructed a DCC model for the strong interaction and the electromagnetic current of the proton at Q 2 =0. Also, all the resonance parameters such as the masses and strong decay widths have been extracted from the DCC model [32] . In order to extend the model to calculate neutrino-induced reaction cross sections, our main task is to develop an axial-current model for j µ non−res and j µ res . We also need to determine the Q 2 -dependence of the vector form factors associated with N -N * transitions by analyzing both electron-proton and electron-neutron reaction data.
B. Formulae for numerical calculations
Based on the discussion in the previous subsection, we here present formulae that are practically used in numerical calculations. Particularly, we give expressions for matrix elements of the hadron current that are directly plugged in the hadron tensor defined in Sec. II. In this subsection, all kinematical variables are those in hCM, and thus we suppress the asterisk ( * ) used in the previous section for simplicity. Let us consider the matrix element, defined in Eq. (29) , for a meson production off the nucleon induced by the hadron current
, where M B=πN , ηN , π∆, ρN , σN , KΛ, KΣ. For calculating the matrix element, we find it convenience to expand the matrix element in term of the the helicity-LSJ mixed representation; L, S, and J are the orbital angular momentum, total spin, and total angular momentum, respectively, for the final M B state. For a detailed discussion on the LSJ-and mixed-representations we employ, see Appendices C and D in Ref. [32] . Thus the matrix element of the hadron current is expressed as follows:
) stands for the Clebsch-Gordan coefficient. Also, we denoted the polarization of the hadron current by λ = t, −1, 0, 1 in the spherical basis (t: time component), and ǫ(λ) is the corresponding polarization vector; m(λ) = 0, −1, 0, 1 are for λ = t, −1, 0, 1, respectively. We have introduced the matrix element in the helicity-LSJ mixed representation denoted by T MB,J N (λ; k, q; W, Q 2 ) in which the label M B is understood to include quantum numbers such as L, S, J, and I. The matrix element on the l.h.s. of Eq. (31) is M B (−) |J λ (0)|N hCM in Eq. (10). Thus we are now left with evaluating the hadron current matrix elements in the helicity-LSJ mixed representation, T MB,J N , in order to calculate neutrino cross sections using the formulae presented in Sec. II.
Following the manner in the previous subsection, we divide the matrix element into non-resonant and resonant parts as
where t MB,J N is non-resonant amplitude, corresponding to the first term in Eq. (29) , and is calculated by
where v MB,J N denotes a tree-level non-resonant current matrix element, M B|j non−res · ǫ(λ)|N [j non−res from Eq. (28)], projected onto the helicity-LSJ mixed representation. We will specify v MB,J N in the following subsection.
Also, t MB,M ′ B ′ is the non-resonant hadronic scattering amplitude expressed with the LSJ representation, and G M ′ B ′ is a meson-baryon Green's function. The second term in Eq. (32) is the resonant amplitude, corresponding to the second term in Eq. (29) , and is given by
where Γ N * ,J N denotes a bare N * -excitation current, N * |j res ·ǫ(λ)|N [j res from Eq. (28)], for which explicit expressions are given in Appendix B (Appendix C) for the axial-current (vector-current). We have also used Γ MB,N * ,Γ MB,N * and D(W ) that are bare, dressed N * → M B decay amplitudes and a dressed N * propagator, respectively. These quantities and t MB,M ′ B ′ and G MB in Eq. (33) have been defined and well discussed in Sec. II A of Ref. [32] , and we will not repeat it here.
Before closing this subsection, we derive the hadron tensor for neutrino-induced double-pion productions. Because we have specified coupled channels considered in our DCC model, we can manipulate Eq. (12) to a more definite form to be used in actual calculations. As we mentioned, π∆, ρN, σN are the doorway states into the ππN channel in the DCC model, and they contribute to the double pion productions as in Eq. (30) . In addition, we also include a mechanism of the hadron current-induced N → π + N transition followed by a perturbative N → πN process for the double-pion productions, as in the first term of Eq. (30) . In principle, different doorway state contributions shown on the r.h.s. of Eq. (30) can interfere with each other. Also, even within the π∆ doorway state contribution, there is still an interference between diagrams in which the final two pions are interchanged. However, we can estimate these interference contributions to be small for total cross sections and d 2 σ/dW dQ 2 because of the fact that the Z-diagrams in our currently used DCC model give rather small contributions to the πN scattering [32] . We note however that the interference could be more important for differential cross sections with respect to the pion emission angles, which we will not calculate in this work, as has been seen in Ref. [38] . Thus we ignore the interference to derive a simpler hadron tensor for the double-pion production. For example, the contribution from the π∆ doorway state to π 1 π 2 N production is given by
where M π b N is the invariant mass of the π b N pair from the ∆-decay, and k is given by the relation,
is the self-energy of the π a ∆ Green's function as summarized in Appendix A of Ref. [32] ;
gives the partial width of ∆ into a given isospin state of π b N ; {ab} indicates the sum over the permutations of the two pions, i.e., {ab} = {12}, {21}; the symmetry factor B ππ has been defined below Eq. (12) . The quasi two-body hadron tensor, W Y,N →πa∆ µν , is calculated using Eq. (10) similarly to the other stable two-body channels. A difference from the stable channel case is that k determined above is used instead of the on-shell momentum. The hadron tensors for the double-pion productions due to the other doorway states can be derived in a similar manner.
C. Matrix elements of non-resonant currents
We here specify matrix elements of non-resonant current, j µ non−res in Eq. (28), for meson productions. The matrix elements are projected onto the helicity-LSJ state and plugged into v MB,JN in Eq. (33) . As in Eqs. (3) and (5), the current consists of the vector and axial currents. Matrix elements of the non-resonant vector current at Q 2 = 0 have been fixed through the previous analysis of photon-induced meson-production data, and explicit expressions are given in Appendix D of Ref. [32] . We also need to fix the Q 2 -dependence of the matrix elements to study electron-and neutrino-induced reactions, and we use the parametrization given in Appendix A of Ref. [39] .
Regarding the axial current, we take advantage of the fact that most of our πN → M B potentials are derived from a chiral Lagrangian. Thus, we basically follow the way how the axial current is introduced in the chiral Lagrangian: an external axial current (a µ ext ) enters into the chiral Lagrangian in combination with the pion field as
where f π is the pion decay constant. Therefore, matrix elements of the hadronic axial current are obtained from those
, where k µ is the four-momentum of the incoming pion and ǫ µ (λ) is the polarization vector for a µ ext with a polarization λ. We apply this replacement to the πN → M B potentials of the DCC model presented in Appendix C of Ref. [32] . The tree-level axial current matrix elements constructed in this way are the non pion-pole part of the axial currents, M B|A 
The axial-current matrix element A i,µ in Eqs. (3) and (5) is related to the non pion-pole part, A i,µ NP , by
where the second term is the pion-pole term. In the DCC model of Ref. [32] , we needed to introduce some mesonbaryon potentials that are not from a chiral Lagrangian in order to fit a large amount of π-induced reaction data. Although we cannot apply the above replacement to derive the axial currents for those potentials, we can still add the corresponding axial currents to maintain the PCAC relation, as given in Eqs. (A9), (A10), (A13), and (A25). The Q 2 -dependence of the axial-coupling of the nucleon has been studied through data analyses of quasi-elastic neutrino scattering and single pion electroproduction near threshold. In the analyses, the axial mass (M A ) of the dipole form factor
2 , has been determined to be M A = 1.026 ± 0.021 GeV [41] . We employ this axial form factor, and assume that all non-resonant axial current amplitudes have the same Q 2 -dependence.
D. Matrix elements of N * -excitation currents
Here, we specify the last piece of the DCC model, Γ N * ,JN (λ; q, Q 2 ) in Eq. (35).
Vector current
The hadronic vector current contributes to the neutrino-induced reactions in the finite Q 2 region. In Ref. [32] , we have done a combined analysis of πN, γp → πN, ηN, KΛ, KΣ reaction data, and fixed matrix elements of the vector current at Q 2 = 0 for the proton target. The bare N -N * -transition matrix elements induced by the vector current are parametrized and presented in Appendix C. What we need to do is to extend the matrix elements of the vector current of Ref. [32] to the finite Q 2 region for application to the neutrino reactions. More concretely, we determine
, which we collectively denote by F V N N * (Q 2 ), for the proton and the neutron. (See Appendix C for the definition of the symbols.) This can be done by analyzing data for electron-induced reactions on the proton and the neutron, and analysis results will be presented in Sec. IV. Then we separate the vector form factors for N * of I = 1/2 (I: isospin) into isovector and isoscalar parts as discussed in Appendix C. Regarding N * of I = 3/2 for which only the isovector current contributes, we can determine the vector form factors by analyzing the proton-target data.
Axial current
Because of rather scarce neutrino reaction data, it is difficult to determine N -N * transition matrix elements induced by the axial-current. This is in sharp contrast with the situation for the vector form factors that are well determined by a large amount of electromagnetic reaction data. Thus, we need to take a different path to fix the axial form factors. The conventional practice is to write down a N -N * transition matrix element induced by the axial-current in a general form with three or four form factors. Then the PCAC relation,
, is invoked to relate the presumably most important axial form factor at Q 2 = −m 2 π to the corresponding πN N * coupling. The other form factors are ignored except for the pion pole term. We then assume A i,µ
In the present work, we consider the axial currents for bare N * of the spin-parity 1/2 ± , 3/2 ± , 5/2 ± and 7/2 ± , and determine their axial form factors at Q 2 = 0 using the above procedure. For more detail including explicit formulae, see Appendix B. It is even more difficult to determine the Q 2 -dependence of the axial couplings to N -N * transitions because of the limited amount of data. Thus we assume that the Q 2 -dependence of the axial form factors is the same as that used for the non-resonant axial-current amplitudes, i.e., the conventional dipole form factor with M A =1.02 GeV. When necessary, we can adjust the axial mass for an axial N -N * coupling to fit available data. It is worth emphasizing that a great advantage of our approach over the existing models is that relative phases between resonant and non-resonant amplitudes are made under control within the DCC model. This is possible in our approach by constructing the axial-current amplitudes and πN interactions consistently with the requirement of the PCAC relation. As we will see, the resonant and non-resonant contributions to the neutrino reactions are sometimes comparable in magnitude and, in such a circumstance, it is essential to have a well-controlled relative phases between them to correctly describe the neutrino reactions. We also note that our DCC πN model, on which the axial-current is based, has been extensively tested by data in Ref. [32] .
IV. ANALYSIS OF ELECTRON-INDUCED REACTION DATA
In this section, we analyze data for electron-induced reactions off the proton and neutron targets to determine the
, and
, which are our model parameters associated with the vector transition form factors and are defined in Appendix C. As explained in Sec. III D 1, for the isospin I = 1/2 nucleon resonances, the analysis of electron-induced reactions on both the proton-and neutron-targets is required to decompose the electromagnetic transition form factors into the isovector and isoscalar parts. This decomposition is necessary for calculating the CC and NC reactions. Regarding I = 3/2 nucleon resonances, on the other hand, we determine the F V N N * (Q 2 ) by analyzing only proton-target reactions data. The data we analyze span the kinematical region of W ≤ 2 GeV and Q 2 ≤ 3 (GeV/c) 2 that is also shared by neutrino reactions for E ν ≤ 2 GeV. Meanwhile, it is a challenge for the DCC model to predict cross sections of various final hadron states in the finite Q 2 region by adjusting only the 'bare' N -N * transition form factors. Thus the analysis of the electron-induced reaction data also serves as a testing ground for the soundness of the DCC model.
A. Electron-proton reactions
Among data for electron-proton reactions in the resonance region, those for the single pion electroproductions are the most abundant over a wide range of W and Q 2 . Therefore, these are the most useful to determine the Q 2 dependence of the p-N * transition form factors. The cross sections for p(e, e ′ π 0 )p and p(e, e ′ π + )n have different sensitivities to resonances of different isospin state (1/2 or 3/2). The angular distribution of the pion is useful to disentangle the spin-parity of the resonances. Based on the one-photon exchange approximation, a standard formula of the angular distribution for the single pion electroproduction can be expressed in terms of virtual photon cross
) for the γ * N → πN process in the hCM as,
where
and
, the scattering angle of electron θ e ′ , the magnitude of the virtual photon three momentum q γ , and the incident (outgoing) electron energy E e (E e ′ ) in the laboratory frame; h e is the helicity of the incoming electron; φ * π (φ M in Fig. 1 ) is the angle between the π-N plane and the plane of the incoming and outgoing electrons. The formulae for calculating dσ β /dΩ * π from the amplitudes defined by Eq. (32) are given in Ref. [42] .
The CLAS Collaboration has collected data [43] [44] [45] [46] [47] [48] [49] [50] for the single pion electroproduction off the proton in the kinematical region of our interest, as shown in Fig. 3 . Then they have extracted from the data the virtual photon cross sections introduced above [51] 
We fit these virtual photon cross sections to determine the Q 2 dependence of the p-N * transition form factors. As seen in Fig. 3 , the single pion electroproduction data occupy a substantial portion of the relevant kinematical region of W and Q 2 . In some kinematical region, however, we still need more data to fix the vector form factors. In particular, data are missing for the W > ∼ 1.4 GeV and low-Q 2 region, and the W > ∼ 1. region, we fit the inclusive structure functions from an empirical model due to Christy and Bosted [52] . The inclusive cross section is defined as
and the proton structure functions W em i
[cf. Eqs. (14) and (15)] are related to the transverse and longitudinal cross sections as
We remark that an analysis of electron reaction data is also interesting in the context of studying the structure of nucleon resonances, and we are conducting a fuller and more dedicated analysis of electroproduction data to be reported elsewhere [53] .
We have fitted F V pN * (Q 2 ) to the data at several Q 2 values where the data are available. All the other parameters in the DCC model, 406 (115) parameters for hadronic (γ-p) interactions, are fixed as those determined by the combined analysis [32] of πN, γp → πN, ηN, KΛ, KΣ data consisting of 22,348 data points. We have successfully tested the DCC-based vector current model with the data covering the whole kinematical region relevant to neutrino reactions of E ν ≤ 2 GeV. Before presenting numerical results of the analysis, we take one more step as follows. In the course of the analysis, we have determined the p-N * vector form factors F ) with a simple polynomial function of Q 2 . We approximate the form factors using the following parametrization:
where c 4-6. In the same figures, the corresponding data are also shown for comparison. The DCC model fits the data reasonably well for both π 0 and π + channels. We also show in Fig. 7 our DCC-based calculation of differential cross sections of the inclusive electron-proton scattering 
The data are in the range, 2.91 ≤ Q 2 ≤3.00 (GeV/c) 2 , and are from Ref. [48] for p(e, e ′ π 0 )p and Refs. [46, 47] for p(e, e ′ π + )n. The other features are the same as those in Fig. 4 . in comparison with data; the single pion electroproduction cross sections from the DCC model are also presented. In each of the panels, the range of Q 2 is indicated, and Q 2 monotonically decreases as W increases. The figures show a reasonable agreement between our calculation with the data, and also show the increasing importance of the multi-pion production processes above the ∆(1232) resonance region. However, we observe a discrepancy between the model and data in W = 1.3 ∼ 1.45 GeV in the left panel of Fig. 7 . Because our DCC model gives a reasonable fit to the single pion electroproduction data in this kinematical region as shown in Fig. 4 , the discrepancy points to a problem in our DCC model in describing double-pion electroproduction in this kinematics. By simply adjusting the vector form factors, F V pN * (Q 2 i ), we were not able to fit the single-pion and inclusive data at the same time in this kinematics. A resolution to the discrepancy in the inclusive cross sections may require a combined analysis including double-pion production data. Also, as Q 2 increases, the DCC model starts to underestimate the inclusive cross section towards W ∼ 2 GeV where the kinematical region is entering the DIS and multi-meson production region. Currently available data of neutrino cross sections in the resonance region are not very precise compared to the high precision data of the electron-induced reactions. Therefore, for our present purpose of constructing a model of neutrino reaction comparable to the current neutrino data, it is sufficient to fit the electron-induced reactions data at the level as presented in Figs. 4-9 
B. Photon-neutron and electron-neutron reactions
Because a free neutron target is not available, "neutron"-target data are extracted from deuteron-target data. Effects of the final state interaction and the Fermi motion on the γd → π − pp reaction has been studied in Ref. [55] . Here we analyze the data of pion photoproduction on "neutron" available in literature. We analyze unpolarized differential cross sections for γn → πN from πN threshold to W = 2 GeV, and determine F V nN * (Q 2 = 0) and the cutoffs Λ e.m.
. A formula to calculate differential cross sections from the amplitudes of Eq. (32) can be found in Ref. [38] , and we will not repeat it here. In the finite Q 2 region, we use empirical inclusive structure functions from Ref. [56] as data to determine the transition vector form factors F V nN * (Q 2 ). Bosted et al. [57] fitted inclusive electron-deuteron reaction data to obtain their model for the inclusive deuteron structure functions, and the inclusive "neutron" structure functions are obtained from that by subtracting the proton structure function of Ref. [52] . We use an improved version [56] of this "neutron" structure functions. After determining F We show unpolarized differential cross sections for γn → πN calculated with the DCC model in comparison with data in Figs. 8 and 9 , and find a reasonable agreement. We also show a comparison of the DCC-based calculation with data of differential cross sections per nucleon for the inclusive electron-deuteron scattering in Fig. 10 . In this calculation, we simply take an average of electron-proton and electron-neutron differential cross sections in the free space. As seen in the figures, the calculated resonance peaks are sharper than the data, indicating that the smearing due to the Fermi motion and final state interaction needs to be taken into account to obtain a good agreement with the data [87] . Finally we note that a more comprehensive analysis including γn → πN data is currently underway, which will be reported elsewhere [88] .
V. RESULTS FOR NEUTRINO REACTIONS
Before discussing neutrino reaction cross sections, first we examine the inclusive structure function F . Although we found the two calculations agree well by construction of the model, we still notice that the ∆(1232) peak from the axial-current amplitude somewhat overshoots that from the πN model. Also, there are slight differences in the second and third resonance region in the right panel of Fig. 11 . These differences originate from the fact that the spatial momentum transfer is fixed either at Q 2 =0 or at Q 2 = −m that is actually used in calculating the neutrino cross sections, and how much it can deviate from those obtained with the πN cross sections. Also, we remark that even though most existing neutrino-nucleon reaction models in the resonance region have axial-currents based on the PCAC relation, they do not necessarily give F from the πN cross sections; we will come back to this point later in this section. Now we present cross sections for the ν µ N reactions. With the DCC model, we can predict contributions from all the final states included in our model. Also, the DCC model provides all possible differential cross sections for each channel. Here, we present total cross sections for the CC ν µ N reactions up to E ν = 2 GeV in Fig. 12 ; we also show them in Fig. 13 in log scale to see contributions from all of the final states. For the proton-target, the single pion production dominates in the considered energy region. For the neutron-target, the single pion production is still the largest, but double-pion production becomes relatively more important towards E ν = 2 GeV. The ηN and KY production cross sections are O(10 −1 -10 −2 ) smaller. Next we examine reaction mechanisms of the ν µ N scattering. In Fig. 14, we break down the single-pion production cross sections into several contributions each of which contains a set of certain mechanisms. For the proton-target process, the contribution from the ∆(1232) resonance dominates, while the higher N * contribution is very small. The ∆ contribution here is the neutrino cross section calculated with the resonant amplitude, Eq. (34), of the P 33 partial wave only, while the higher N * contribution is from the resonant amplitude including all partial waves other than P 33 . The non-resonant cross sections calculated from the non-resonant amplitude of Eq. (33) is small for the proton-target process. In contrast, the situation is more complex in the neutron-target process where the ∆ gives a smaller contribution and both I =1/2 and 3/2 resonances contribute. As can be seen in the right panel of Fig. 14 , the ∆ dominates for E ν < ∼ 1 GeV, and higher resonances and non-resonant mechanisms give comparable contributions towards E ν ∼ 2 GeV. This shows an importance of including both resonant and non-resonant contributions with the interferences among them under control, as has been stressed in Sec. III D 2. Similarly, the contribution of resonant and non-resonant amplitudes are shown in Fig. 15 for the two-pion production reaction. Because ∆(1232) mainly contributes below the ππN production threshold and thus gives a small contribution here, the resonant and nonresonant contributions are more comparable. Still, the figures show that the resonance-excitations are the main mechanism for the double-pion production in this energy region. Next we compare the CC neutrino-induced single pion production cross sections from the DCC model with available data from Refs. [12, 13] in Fig. 16 . The left panel shows the total cross sections for ν µ p → µ − π + p for which ∆(1232) dominates as we have seen in Fig. 14 . If the ∆(1232)-dominance persists in the neutron-target processes shown in the middle and right panels of Fig. 16 , the isospin Clebsch-Gordan coefficients determine the relative strength as
+ p) = 0.13, 0.17, 0.21 at E ν =0.5, 1, 1.5 GeV, respectively. The deviations from the naive isospin analysis are due to the the non-resonant and higher-resonances contributions mostly in the neutron-target processes, as we have seen in Fig. 14 . The two datasets from BNL and ANL for ν µ p → µ − π + p shown in the left panel of Fig. 16 are not consistent as has been well known, and our result is closer to the BNL data [12] . For the other channels, our result is fairly consistent with both of the BNL and ANL data. It seems that the bare axial N -∆(1232) coupling constants determined by the PCAC relation are too large to reproduce the ANL data. Because axial N -N * coupling constants should be better determined by analyzing neutrino-reaction data, it is tempting to multiply the bare axial N -∆(1232) coupling constants, g PCAC AN ∆(1232) , defined in Eq. (B19) by 0.8, so that the DCC model better fits the ANL data. The resulting cross sections are shown by the dashed curves in Fig. 16 . We find that σ(ν µ p → µ − π + p) is reduced due to the dominance of the ∆(1232) resonance in this channel, while σ(ν µ n → µ − πN ) is only slightly reduced. As mentioned in the introduction, the original data of these two experimental data have been reanalyzed recently [14] , and it is pointed out that the discrepancy between the two datasets is resolved. The resulting cross sections are closer to the previous ANL data. However, the number of data is still very limited, and a new measurement of neutrino cross sections on the hydrogen and deuterium is highly desirable. We also note that the data shown in Fig. 16 were taken from experiments using the deuterium target. Thus one should analyze the data considering the nuclear effects such as the initial two-nucleon correlation and the final state interactions. Recently, the authors of Ref. [16] have taken a first step towards such an analysis. They developed a model that consists of elementary amplitudes for neutrino-induced single pion production off the nucleon [25] , pion-nucleon rescattering amplitudes, and the deuteron and final N N scattering wave functions. Although they did not analyze the ANL and BNL data with their model, they examined how much the cross sections at certain kinematics can be changed by considering the nuclear effects. They found that the cross sections can be reduced as much as 30% for ν µ d → µ − π + pn due to the N N rescattering. Meanwhile, the cross sections for ν µ d → µ − π 0 pp are hardly changed by the final state interaction. It will be important to analyze the ANL and BNL data with this kind of model to determine the axial nucleon current, particularly the axial N -∆(1232) transition strength.
Regarding the NC single pion production, we show results in Fig. 17 . In the left panel, we show the cross sections for all final charge states. The ratios σ(νp → νpπ 0 )/σ(νp → νnπ + ) ∼ σ(νn → νnπ 0 )/σ(νn → νpπ − ) ∼ 2 can be mostly understood from the isospin Clebsch-Gordan coefficient accompanied by the ∆ → πN vertex. A slight difference between σ(νp → νpπ 0 ) and σ(νn → νnπ 0 ) [also between σ(νp → νnπ + ) and σ(νn → νpπ − )] is mostly from different interference patterns between the isovector and isoscalar currents. In the middle panel of Fig. 17 , we compare the NC νn → νpπ − cross sections from the DCC model with ANL data [90] , and find a fair consistency. In closing this paragraph, we compare our DCC-based result for another single meson production, νn → µ − K + Λ, with data in the right panel of Fig. 17 . Although our result undershoots the data, the data are based on statistically very limited number of events (3 events) and we still cannot say something conclusive.
We also compare our calculation of the single pion production with data for differential cross sections with respect to Q 2 (dσ/dQ 2 ). To make contact with the data in Refs. [12, 92] , we calculate the following flux-averaged cross sections:
where N (E ν ) is the number of events at neutrino energy E ν , and is given in Fig. 6 of Ref. [12] and Fig. 4 of Ref. [92] . The DCC model gives cross sections denoted as σ model (E ν ). In the left panel of Fig. 18 , we compare the DCC-based calculation with the ANL data [12] . We find here again that the DCC model overshoots the ANL data for ν µ p → µ − π + p. This tempts us to plot dσ/dQ 2 obtained with the bare axial N -∆(1232) coupling constants, g AN ∆(1232) (PCAC), multiplied by 0.8, as we did in Fig. 16(left) . This result is in better agreement with the ANL data as seen in Fig. 18 (left) . The assumed dipole form factor (M A = 1.02 GeV) for the bare axial N -∆(1232) vertex seems fairly consistent with the data. In the right panel of Fig. 18 , we compare the DCC-based calculation with the BNL data [92] . The Q 2 -dependence of the BNL data with the arbitrary scale is well explained with our DCC model. We finally compare our results for double-pion productions with existing data in Fig. 19 . Although there exist a few theoretical works on the neutrino-induced double-pion production near threshold [28] [29] [30] , our calculation for the first time takes account of relevant resonance contributions for this process. The DCC-based prediction is fairly consistent with the data in the order of the magnitude. Particularly, the cross sections for ν µ p → µ − π + π 0 p from the DCC model are in agreement with data. However, the DCC prediction underestimates the of the π∆, ρN , σN quasi two-body states. For a neutrino CC process on the proton for which hadronic states have I = 3/2, the πN , π∆, ρN channels can contribute. Within the current DCC model, we found that the π∆ channel gives a dominant contribution to the double pion productions. Then, retaining only the π∆ contribution, the ratio is given by the isospin Clebsch-Gordan coefficients as,
, in good agreement with the ratio from the full calculation. With a very limited dataset, we do not further pursue the origin of the difference between our calculation and the data. If the double-pion data are further confirmed, then the model needs to incorporate some other mechanisms and/or adjust model parameters of the DCC model to explain the data.
Important and characteristic hadronic dynamics changes as W and Q 2 change. Thus, it would be interesting to see double-differential cross sections, d
2 σ/dW dQ 2 , as shown in Fig. 20 for the single-pion productions. The prominent peak due to ∆(1232) has a long tail toward higher Q 2 region. For the neutron-target, the resonant behavior in the second resonance region is also seen. Similar contour plots are also shown for double-pion productions in Fig. 21 . Here, the situation is very different from the single pion case, and the main contributors are resonances in the second and third resonance regions. for the CC reaction on the proton (neutron) going to the πN final state. From the comparison, a good agreement between the DCC model and the LPP model is found only near the ∆(1232) peak; otherwise they are rather different. The RS model rather undershoot the ∆(1232) peak, as has been also pointed out in Refs. [27, [94] [95] [96] . Near the threshold (W ∼ 1.1 GeV), meanwhile, F at Q 2 = 0 from contribution of the single pion production only. The DCC model is compared with the LPP model due to Lalakulich et al. [18] and the Rein-Sehgal (RS) model [35, 36] . The left (right) panel is for the CC νµ p (νµ n) reaction.
and it decays almost exclusively into the πN state. As discussed earlier in this paper, F CC 2 at Q 2 = 0 is related to the πN cross sections through the PCAC relation, and thus is given almost model-independently. We have shown in Fig. 11 that F 
CC 2
from the DCC axial current model and that from the precise πN model agree well in accordance with the PCAC relation. Therefore, the difference between the DCC model and the LPP and the RS models in F CC 2 (Q 2 = 0) reveals a consequence of missing the consistency between the axial-current and the πN interaction in the latter models.
VI. CONCLUSION
In this work, we have developed a dynamical coupled-channels (DCC) model for neutrino-nucleon reactions in the resonance region. Our starting point is the DCC model that we have developed through a comprehensive analysis of πN, γp → πN, ηN, KΛ, KΣ data for W ≤ 2.1 GeV [32] . The model has also been shown to give a reasonable description of πN → ππN [33] . In order to extend the DCC model of Ref. [32] to what works for the neutrino reactions, we analyzed data for the single pion photoproduction off the neutron, and also data for the electron scattering on both proton and neutron targets. Through the analysis, we determined the Q 2 -dependence of the vector form factors up to Q 2 ≤ 3 (GeV/c) 2 . By combining the vector form factors for the proton and neutron, we separated the vector form factors into the isovector and isoscalar parts; this isospin separation is a necessary step to apply the model to the neutrino reactions. We also derived the axial-current matrix elements. An appealing point of our approach is that we can derive the axial-current matrix elements that are linked to the πN potential of the DCC at Q 2 = 0. The other features are the same as those in Fig. 22 .
model through the PCAC relation. As a consequence, relative phases between the non-resonant and resonant axial current amplitudes are uniquely determined within the DCC model. The Q 2 -dependences of the axial form factors are difficult to determine with the available data. Thus we used the same axial form factors for all the axial N -N * vertices. Although this prescription is what we can do best for the moment, we hope to improve this in future if more data become available. Then, the preparation for calculating the neutrino-induced meson productions off the nucleon is completed.
We have presented cross sections for the neutrino-induced meson productions for E ν ≤ 2 GeV. In this energy region, the single-pion production gives the largest contribution. Towards E ν ∼ 2 GeV, the cross section for the double-pion production is getting larger to become 1/8 (1/4) of the single-pion production cross section for the proton (neutron) target. Because our DCC model has been determined by analyzing the πN, γN → πN, ηN, KΛ, KΣ data, we can also make a quantitative prediction for the neutrino cross sections for ηN , KΛ, and KΣ productions. We found that cross sections for ηN, KΛ and KΣ productions are 10 −2 -10 −3 times smaller than those for the single pion production. We have compared our numerical results with the available experimental data. For the single-pion production, our result, for which the axial N -N * couplings are fixed by the PCAC relation, is consistent with the BNL data for ν µ p → µ − π + p, while fair agreement with both ANL and BNL data is found for the neutron target data. Through the comparison with the single pion production data for W < ∼ 1.4 GeV for which the ∆(1232)-excitation is the dominant mechanism, we were able to study the strength and the Q 2 -dependence of the axial N -∆(1232) coupling. We also calculated double-pion production cross sections by taking account of relevant resonance contributions for the first time, and compared them with the data. We found a good agreement for
Because the data are statistically rather poor, it is difficult to make a conclusive judgement on the DCC model. We hope new high quality data will become available in near future. We examined reaction mechanisms contributing to the single-pion production. For the proton target where only I = 3/2 states contribute, the ∆(1232) dominates. However, for the neutron target where both I = 1/2 and 3/2 states contribute, the ∆(1232), higher N * resonances, and non-resonant mechanisms give comparable contributions towards E ν ∼ 2 GeV. Thus it is very important to have interference patterns among those different mechanisms under control. In this regard, our DCC approach has an advantage over the other existing models, as mentioned in the above paragraph.
Finally, we make some remarks on our future prospect. Our DCC model should be smoothly connected to a DIS model in the resonance-DIS overlapping region. Because the DCC model still has degrees of freedom to vary the Q 2 -dependence of the axial form factors, we can adjust them to fit the W -and Q 2 -dependences of inclusive cross sections from the DIS model in the overlapping region. This needs be done in a future work. Having developed the DCC neutrino-nucleon reaction model that covers the whole resonance region, next task should be developing a neutrino-nucleus reaction model in which the DCC model describes the elementary processes. The simplest case is the neutrino-deuteron reactions, and for that, we can do a relatively well-established quantum mechanical calculation, as done in Ref. [16] . It will be interesting to extend the work of Ref. [16] by replacing the elementary amplitudes therein with those from the DCC model developed here. Then, ANL and BNL data should be reanalyzed with this model that takes care of not only the Fermi motion but also the final state interactions (FSI). The importance of FSI has been demonstrated in Ref. [16] . Also, this development can serve as a preparation for a possible T2K experiment [17] that utilizes heavy-water (D 2 O) as the target. Application to heavier nuclei will also be very important. In the ∆(1232) region, the well-developed ∆-hole model [97, 98] may give a hint to address pion productions in the neutrino-nucleus reaction. For even higher energy neutrino reactions, a fully quantum mechanical calculation seems formidable. Combining the elementary amplitudes of the DCC model with a hadron transport model may be a possible and practical option, as has been done in the literature [99, 100] .
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, where i and j are isospin components and the other variables in the parentheses are fourmomenta carried by the corresponding nucleon (N ), baryon (B), meson (M ), and axial-current (A µ ); labels for the spin and isospin states for the baryons are suppressed. The following expressions in Appendices A-C are those in the center-of-mass frame of the hadronic system (hCM). The matrix elements can be expressed in the following form:
where ǫ µ (λ) is the polarization vector for the hadron axial current with a polarization λ. The Dirac spinor for the baryon B is denoted by u B (p) that is also supposed to implicitly contain the isospin spinor. In the following subsections, we present expressions forĀ(n) for each process labeled by the index n.Ā(n) is composed of several terms, denoted asĀ n a ,Ā n b ,..., etc. for which we also present diagrammatic representations in TABLE I. It is noted that, in evaluating the time component of four-momenta contained in the propagators in the following equations, we follow the definite procedures defined by the unitary transformation method [101, 102] ; see also Appendix C of Ref. [38] .
For the axial-current matrix elements shown in the following subsections, we include at each vertex a dipole form factor in the same way as those used for πN → M B potentials in Ref. [32] . For a meson-baryon-baryon vertex, we include a form factor of the form
where k and Λ are the meson momentum and the cutoff, respectively. For a N -B transition vertex induced by the axial current, we also include a form factor of Eq. (A2) in which k is chosen to satisfy
in order to satisfy the PCAC relation, Eq. (37). In a t-channel diagram, there is a meson-meson transition vertex induced by the axial-current, and we use a dipole form factor of Eq. (A2) where k being the momentum of the exchanged meson. For a contact term, we use double dipole form factor, F (k ′ , Λ)F (k, Λ), where k ′ is the outgoing meson momentum. In addition to this hadronic form factor, we also include the axial form factor of the dipole form, as discussed in Sec. III C, to take care of the Q 2 -dependence of the axial couplings. In the following expressions, we use notations such ask = p − p ′ and k that satisfies Eq. (A3). We also denote ǫ µ for ǫ µ (λ) for simplicity. The i-th component of Pauli matrix that acts on the nucleon isospin spinors is denoted by τ i . We denote the pseudoscalar, vector, and scalar mesons by P , V , and S, respectively, and the octet and decuplet baryons by B. With this notation, the P BB ′ , V BB ′ , and SBB ′ coupling constants are denoted respectively by f P BB ′ , g V BB ′ , and g SBB ′ , while the P P ′ V and P P ′ S coupling constants are denoted by g P P ′ V and g P P ′ S , respectively. The tensor coupling constant of a V BB ′ coupling is denoted by κ V . For numerical values of couplings, masses, cutoffs appearing 
below in this appendix, we use those determined in Ref. [32] , and listed in TABLEs XI-XIII of the reference. In addition, we use f π = 93 MeV.
where ǫ * µ ρ ′ is the polarization vector for the ρ-meson, and
and ǫ 0123 = +1 convention is taken.
where ǫ * µ ∆ is the polarization vector for ∆.
For the K production amplitudes in this and the following subsections, the isospin operator τ acts on isospin spinors of the initial nucleon and the final K.
where the suffix j is the isospin state of Σ.
Appendix B: Bare N * axial current matrix elements
We present the axial N -N * transition matrix element for each of 1/2 ± , 3/2 ± , 5/2 ± , 7/2 ± bare N * in the helicity basis. The matrix element is parametrized in terms of form factors that can be determined at Q 2 = 0 by invoking the PCAC relation to the π + N → N * matrix element. Before presenting the expressions for the axial N -N * matrix elements, we give the definition for the axial N -N * matrix elements and how they are connected to the π + N → N * matrix elements through the PCAC relation. We also specify how the axial N -N * matrix elements presented in this section are implemented in the formulae in Sec. III A.
A tree-level s-channel bare N * amplitude for an axial-current induced single pion production is given in the plane wave basis by
where the normalization of the amplitude is the same as that of Eq. (A1). The axial N -N * and N * → πN matrix elements are N * |A i N * (q) · ǫ|N (p) and π(k ′ , j)N (p ′ )|h N * →πN |N * , respectively. Let us first present expressions for the N * → πN matrix element that is subsequently related to the axial matrix element by the PCAC relation. The
where (1j1/2t 
where we have used the parametrization for Γ πN,N * defined in Ref. [32] . We use numerical values for the coupling C πN (L,S=1/2),N * and the cutoff Λ N * presented in Ref. [32] . Now we discuss the axial N -N * transition matrix element. First we separate the dependence on the isospin components from the matrix element by
where J ± N * is the spin-parity of N * . The non pion-pole part of the matrix element A 
We can simplify this equation by taking the z-axis along q:
for J N * = L + 1/2, and
for J N * = L − 1/2; ± is for s z N = ±1/2. As will be shown in the following subsections, we use Eqs. (B6) and (B7) to fix form factors g
(q). Then we take the PCAC hypothesis: g
, as discussed in Sec. III D 2, we assume the dipole form factor that is implicit in the expressions in the following subsections. We note that the axial form factor g J ± N * (Q 2 ) fixed by Eqs. (B6) and (B7) at a range of q acquires a W -dependence that is the same as that of g πN N * (q); q and W are related by W = q 2 + m 2 π + q 2 + m 2 N . Thus we denote the axial form factors by g
. The axial-current amplitudes determined in this way satisfy the PCAC relation with the πN amplitudes at any W , as shown in Fig. 11 . Finally, the axial-current part of the vertex function Γ N * ,JN in Eq. (35) is related to the axial-current matrix element by
The matrix element of axial vector current between the nucleon and spin 1/2
] is generally given, the induced tensor term being omitted, by
where the upper (lower) operator is for positive (negative) parity
are form factors. The matrix element for the divergence of the axial current is
where the sign ∓ is for s z N = ±1/2. Taking Q 2 = −m 2 π and dropping the small g
Comparing this with Eqs. (B6) and (B7), we find
where we have introduced the W -dependence in the form factors. The PCAC hypothesis dictates g
. The g P term can be understood as the pion pole term, and thus is given by
The axial-current amplitudes for 1/2 + N * in the helicity basis are
where the helicity of the axial current is indicated by ǫ (λ) with λ = +1, 0, t in the spherical basis. The sign ∓ is for s z N = ±1/2. For the 1/2 − N * state, the helicity amplitudes are 
where g
3/2
± n (Q 2 ) (n = 1...4) are form factors. The matrix element of the divergence of the axial current is
Taking Q 2 = −m 2 π and dropping the small g
. From the PCAC and the pion dominance, we have a pion-pole term:
Considering g 3 and g 4 terms, the helicity amplitudes for 3/2 + N * are
and for 3/2 − N * ,
where the sign ± is for s z N = ±1/2. 
5/2
Considering g 3 and g 4 terms, the helicity amplitudes for 5/2 + N * are
where the sign ∓ is for s z N = ±1/2, and for 5/2 − N * , 
7/2
Considering g 3 and g 4 terms, the helicity amplitudes for 7/2 + are
and for 7/2 − (the sign ± is for s z N = ±1/2),
Appendix C: Bare N * vector current matrix elements
Following the formulation of Ref. [32] , we parametrize a bare γ ( * ) N → N * vertex matrix element in the helicity representation as
where λ γ and λ N are the helicity quantum numbers of the (virtual) photon and the nucleon, respectively, and q R and q 0 are defined by M N * = q R + E N (q R ) and W = q 0 + E N (−q), respectively. For N * of I = 1/2, this vertex can be separated into the isovector (Γ IV ) and isoscalar (Γ IS ) parts as follows:
where (10 
One exception for the above parametrization is applied to the first bare state in P 33 for which we use the following forms:
with N * defined in Eqs. (C13)-(C15) for the neutron target. The parameters for I=1/2 N * are presented while those for I=3/2 N * are the same as those for the proton target and are given in Ref. [32] .
Λ e.m. N * (MeV) S 11 (1) 571.35 S 11 (2) 1455.5 P 11 (1) 1925.4 P 11 (2) 1685.8 P 11 (3) 1975.7 P 13 (1) 902.49 P 13 (2) 500.13 D 13 (1) 647.46 D 13 (2) 1053.7 D 15 (1) 994.51 D 15 (2) 815.99 F 15 (1) 647.65 F 17 (1) 503.27 G 17 (1) 500.27 G 19 (1) 500.31 H 19 (1) 553.28
